It is possible to commit suicide by not eating, but one cannot terminate the relentless rhythm of respiration by willpower. The rhythm is generated by brainstem neurons that activate motoneurones; these, in turn, give rise to contractions of inspiratory and expiratory muscles (Feldman et al., 2003) . The activity of brainstem respiratory neurones is directly modified by altered levels of CO 2 and H + , and indirectly by peripheral chemoreceptors (Richter and Spyer, 2001; Feldman et al., 2003; Hilaire and Pasaro, 2003) . Whereas the circuitry that produces rhythmicity in postnatal mammals has been studied extensively (Bianchi et al., 1995; Ezure, 2004; Feldman et al., 2003; Ramirez and Richter, 1996) , less is known about the organization of the respiratory network during embryonic life.
In preparation for birth, breathing movements, without air intake, occur in embryos (Boddy and Dawes, 1975) . In mouse and chick, rhythmic activity appears when the rhombencephalon and respiratory circuits become defined through activation of homeotic genes (Champagnat and Fortin, 1997) . By E16, fictive respiration of mice can be monitored from phrenic motoneurones (Viemari et al., 2003) .
A key question is whether foetal rhythms are produced by a group of pacemaker cells, or by reciprocal connections, such as those commanding motor behaviours in vertebrates and invertebrates (Marder and Calabrese, 1996) . A focussed pacemaker would be expected to initiate activity spreading from one region of the medulla (Rybak et al., 2003) . The spatial distribution in foetal brainstem of inspiratory and expiratory neurons is unknown. Experimental difficulties in analyzing developing respiratory neurons arise from the intrauterine location of the foetus, the ventral Eugenin et al. 5 position of the pattern generator in the medulla, and from the limited number of neurons from which electrical recordings can be made simultaneously.
In the present experiments we recorded signals from neurons in isolated brainstem-spinal cord preparations after application of a calcium-sensitive fluorescent dye. Regions across the medulla were surveyed and their activity measured. In foetal preparations, unlike slices, brainstem respiratory nuclei are still in their normal relationships with each other and with motoneurons (Suzue, 1984) . The rhythm of fictive respiration increases in frequency and reliability from E16 to E18, when the rate in the isolated preparation approximates that of the newborn pup (Viemari et al., 2003) .
This rhythm persists for more than 24 hours in vitro, even though all peripheral tissues are removed. That the mouse embryonic brainstem is thin and relatively transparent is advantageous for recording optical signals. Patterns of activity over foetal rat and newborn rat and mouse medulla were studied by Onimaru and his colleagues by means of voltage sensitive dyes (Onimaru and Homma, 2005; Onimaru et al., 2004; Onimaru and Homma, 2003) . In those experiments the signal to noise ratio required averaging of 20-50 respiratory cycles. Calcium sensitive dyes could in principle give better signal-to-noise ratios, since calcium signals mirror integrated bursts rather than single impulses, and such dyes have been used in foetal mouse brain slices (ThobyBrisson et al., 2005) . Moreover, Ca 2+ signals arise primarily from cell bodies and the axon stump rather than axons and dendrites, in which less Ca 2+ accumulation occurs (Przywara et al., 1991; Ross, 1989) . Concentrations of 300-500 µg ml micropipettes from C3-C5 ventral roots, were amplified by a P15 Grass amplifier (Grass Instrument Co., Quincy, MA), filtered at 100-3000 Hz., and integrated with a full-wave rectifier (τ=100 ms). Electrical signals and optical images were stored in a computer.
Experimental Procedures
Medullary unit recordings were made with glass microelectrodes filled with 0.2 M NaCl, resistance 3-8 MΩ.
Optical recording: Changes in calcium fluorescence were detected by a CCD camera (NeuroCCD-SM 256; RedShirtImaging, LLC, Fairfield, CT, USA) and an epifluorescence microscope (Nikon Eclipse EF600 or Zeiss WL) with heat filter, fluorescein filter set, and 40x, 0.75 NA water immersion objective. The CCD camera had an imaging area of 256x256 pixels with a time resolution to 10 ms and image diameter of 400 to 500 µm, depending on the microscope. Fluorescence changes were expressed as percentages (change in fluorescence intensity compared to the resting light intensity image). Changes of less than 1% could be detected. At the illumination intensities used, about 3% of the dye bleached during a 20 sec recording, with no effect on the regularity of the signal or on recordings from the same region made minutes later. To test for reliability, records were made from an area and then from distant areas of medulla, returning 15-20 minutes later to the original spot, where the activity remained unchanged. The plane of focus was altered to observe signals arising Eugenin et al. 
Intermittent signals at physiological pH.
At pH 7.4, patterns of optical activity recorded from a particular area were either regular (Fig. 1B) , or intermittent. For example in Figure 1A the adjacent areas coloured Eugenin et al. 11 in red and pink gave large signals that failed in some cycles. In records from 3 experiments with good signal to noise ratios, 93 failures occurred in 309 respiratory cycles, while in adjacent areas failures did not occur or were out of phase. These results suggested that the recruitment of respiratory units might be stochastic during each cycle: all inspiratory neurons might not be used for every cycle.
Published electrical recordings made from single neurons in the medulla do not generally show intermittent failures (Ezure, 2004) . Electrical recordings were made from respiratory neurons in foetal medulla to measure regularity. 
Effects of changing pH or pCO 2 .
Further evidence that optical signals corresponded to fictive respiration was provided by applying low pH or high pCO 2 solutions to 15 isolated CNS preparations.
Changes of pH from pH 7.3 to 7.1 or 7.4 to 7.2 (brought about by increased CO 2 or by lowered bicarbonate concentration), increased the respiration frequency by 52.9% ± 11.4% (p= 0.0015, Wilcoxon signed-rank test, n=15). Fig. 4 shows that failures of optical signals did not occur at pH values of 7.3 or lower.
Discussion
Calcium signals during respiratory activity.
Changes in intracellular calcium concentration produced optical signals that were measurable during a single cycle without averaging, even when small areas were monitored. Presumably the excellent signal to noise ratio was possible, in part, because signals represented bursts rather than single action potentials, in cell bodies and dendrites. In studies made with voltage sensitive dyes, signals became large enough to analyse only after averaging the effects of 20 to 50 respiratory cycles (Onimaru and Homma, 2003; Onimaru et al., 2004; Onimaru and Homma, 2005) . What cannot be said with certainty is the cellular basis for changes in optical activity. The brainstem machinery for producing rhythmical movements for respiration is already present in mouse or human embryos. Prematurely born mammals can breathe the instant they are born, even though respiratory movements in the uterus do not entail intake of air (Viemari et al., 2003) .
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Intermittent failures of optical and electrical signals.
Our finding that groups of medullary neurons associated with inspiration might not fire with every breath was unexpected. Published electrical recordings do not show "failures". What medullary units show is inconstancy of burst duration and frequency from breath to breath in newborn opossum (Zou, 1994) or foetal mouse (see for example Figure 3) ; such irregularity would be reflected as irregular calcium signals.
The presence of "failures" suggests that the rhythm could be generated by a stochastic process of the type seen in other rhythm generators (Kopell and LeMasson, 1994) . For example, in locomotor circuits not every neuron is active with every movement (Butt et al., 2002) .
Organisation of respiratory neurons in foetal mouse.
Changes that occur in respiratory mechanisms as the foetus develops and becomes adult have been studied in several mammals (Hilaire and Duron, 1999) , with emphasis on regulatory mechanisms, and the possible role of pacemaker neurons at successive stages (Del Negro et al., 2005; Peña et al., 2004) . Maps of respiratory activity in newborn rat and mouse made with voltage sensitive dyes suggested that the respiratory activity started in each cycle on a discrete group of neurons located in the para-facial region, and then it was propagated caudally into the pre-Bötzinger complex level (Onimaru and Homma, 2003; Onimaru et al., 2004) . By contrast, in animals after birth, the origin of the rhythm appeared to be related to the pre-Bötzinger complex (Feldman et al., 2003; Onimaru and Homma, 2005) . In our experiments, the area examined in each recording field was smaller than that observed by Onimaru and his colleagues (Onimaru and Homma, 2003; Onimaru et al., 2004; Onimaru and Homma, Eugenin et al. 2005) . The area over which rhythmicity arose was assessed by moving from place to place on the ventro-lateral surface of the medulla, from the facial nucleus to the preBötzinger complex. From video records of activity over periods of 20-40 s, we saw no evidence for a discrete group of pacemaker cells from which activity spread. In a particular region, activity did not proceed as a coordinated progressive wave. Instead, signals arose from the whole area in a synchronous, coordinated manner during inspiration. Moreover, the signal to noise ratio was good enough for each breathing cycle to be examined on its own without averaging. Our results suggest that, rather than a pacemaker generating the rhythm at one spot, whole areas could be active at once, as if rhythmicity depended on a diffuse network. Support for such an idea comes from records of fictive respiration in the newborn opossum (Eugenin and Nicholls, 1997) . There it was found that application of fluid with altered pH from a micropipette to a localised area of medulla modified the rate of respiration. Similarly, localised application of procaine temporarily blocked respiratory activity (Eugenin and Nicholls, 2000) . An important feature of these experiments was that results were obtained when the solution was applied locally to any point within the region containing respiratory units.
Conclusion.
Our results suggest that the circuitry in foetal brainstem that gives rise to the rhythm of respiration consists of a distributed neuronal network. Moreover, although neurones may not fire with every breath, they can all be recruited to fire unfailingly in low pH or high CO 2 . This type of circuit would provide a high safety factor for Eugenin et al. when pH was changed from pH 7.3 to 7.2 by raising CO 2 from 5% to 10%.
Supplementary material.
Videos taken from the experiment of Figure 2 ( E18 mouse brainstem) by combining frames taken every 40 ms. Pseudo colour shows increased calcium concentration (red) in the spectrum. Below is integrated motoneuron activity recorded from C5 (as in Fig. 2). A small red spot moving on the electrical recording trace indicates the timing of frames. Videos 1 and 2 are processed to show activity in two over the surface of the medulla and in three dimensions, the third dimension indicating scaled change in fluorescence intensity, with red (up) most intense. During inspiration a peak of activity covers the entire field with no discernible movement in a particular direction. During expiration calcium signals are diffuse and noisy.
